Tables of N 20 absorption lines are given for use as wavelength calibration standards in two regions in the infrared. The absorption lines are calculated from spectroscopic constants which have been determined, by fitting of selected data in the literature _t? appropriate equations. Hot band lines and lines of N 2 0 containing less abundant is-otopes of Nand 0 are also given, along with relative intensities of all lines in order to provide patterns for correct· identification of lines to be used as wavelength standards.
.. Introducticn
This is the third of a series of papers [1, 2] 1 designed to provide data needed to calibrate the wavenumbers of tunable infrared laser df'lvices via ahsorption linf'l gbmflardg, We believe that the calibration data provided in this paper are the best that are available through July 1979. Since our ultimate aim is to provide calibration data with an accuracy of ± 2 MHz or better (about one thirtieth of the line wi~~l1_~f the calibration gas), this paper m~stb~-~~~sidered to give only interim calibration standards, subject to later refinement as more accurate measurements become available.
The philosophy adopted in preparing these tables has heen to provide an accurate calibration standard at least every 0.5 em -1, and to provide relative intensity and wavenumber data on a sufficient number of additional absorption lines to enable the user to unambiguously identify the calibration standards through pattern recognition, even though the laser may not tune more than 0 .5 em - 1. In this work we are concerned with calibration of the reo gion from approximately 525 cm -1 to 655 cm -I via absorption lines of the 01 1 0-00°0 band of N 2 0 and the region from about 1115 cm -1 to 1340 cm -1 via absorption lines of the overlapping bands 02°0-00°0 and 10 9 0-00°0. In order to give features for recognizing ahsorption standard lines in the lower frequency region we give calculated line positions and relative intensities for hot bands involving a change oEone quantum 'in V2 from the three lowest lying vibrational states, the 0110 state itself and its overtones 02°0 and 02 2 0. Many absorption features are present in the spectrum of N 2 0 that are stronger than some of the absorption lines included in the tables.
In the region 1115 cm-1 to 1340 cm-I, we have included in the tables in addition to the lines of the main bands 10°0--00°0 and 02°0 -00°0, the lines of the 02 2 0 -00°0 band and the lines of the 10°0 -00°0 bands of the isotopic species 14N14N180, 14N15N160, and 15N14N160, and hot bands from the 0110 state of the normal isotopic species. Undoubtedly many other hot band lines will be observed. but it is far beyond the immediate purpose of this work to provide a complete simulation of observable spectra. These tables were created by calculating the wave numbers and intensities of rotational transitions in a given vibrational band from the best vibrational band origins and rotational con· stants which we could determine from critically selected data in the literature. The relative intensities oflines were calculated, as -explained in-a--Iater-section, by means of the· usual equations which ignore all complicating factors such as Fermi resonance and I-type resonance. The user is cautioned to remember that the intensities are for a temperature of 295 K, and are normalized to the strongest transition in a given spectral region. The wavenumber of each line in a given vibrational sub-band was calculated from spectroscopic constants which we obtained from least squares fits of the observed data, none of which are in the spectral regions for which we calculated the calibration standards. Since accurate calculated line wavenumbers are the goal of the calibration tables, the determination of very accurate band constants was the most critical part of this work. Since vibronic transition data obtained by grating spectroscopy often have sizable systematic errors we have elected to exclude grating data from this work, and to rely on accurate Fourier transform data to obtain combination differences to high values of J for rotational constants, and to obtain the needed vibrational band origins as differences between pairs of observed band origins. In order to provide checks on possible systematic errors in band urigin::; tht: data u::;t:u tu ubtain spectroscopic constants were selected to provide maximum redundancy. The method used to determine the ro-vibrational constants is described in the next section.
Determination of the Empirical Ro-Vibrational Constants
This section describes the method of determination of the spectroscopic constants given in tables 1 and 2. Table 1 gives t~e rotational constants obtained by least squares fitting of the aVaIlable accurate data and subsequently used to calculate the separation of a rotational transition from its vibrational band center. Table 2 gives the vibrational band centers determined by least squares fitting of the data. Tables 3 and 4 give the line positions calculated from the constants in tables 1 and 2.
The ground state rotational constants for 14N14N160 were determined by means of a simultaneous least squares fit of the microwave transitions given in refs. [3] [4] [5] [6] [7] , along with combination differences obtained from the Fourier transform infrared hands ohserved hy Amiot ~mrl GnelachviH [8.9] . Transitions from the ground state to twenty-one excited vibrational states were used to form the combination differences. The upper vibrational states of these bands were as follows: 00°1, 12°0, 20°0, 02 u l, 10°1, 14°0, 22°0, 30°0, 00°2, 04°1, 12°1, 20°1, 02°2, 06°1,11°1, OPl, 13 1 0,21 1 0,11 1 1,01 1 2, and 1220. These are not all of the states to which transitions from the ground state have-heen observed by Am.i~t and Guelachvili, but they include all of those whose vibrational origin could be used to form a. difference giving a value for the vibrational origin of one or more of the three vibrational states needed with high accuracy for this work, i.e., 19°0, 02°0 and 0110. Fortunately, these twenty-one rovibrational bands also include all of those from which combination differ~nces could be formed for high values off.
The infrared combination differences were grouped according to the vibrational transition involved, and each group WI:lIS Wt::i.~hlt::d by the illven,e 5qul:ll-e of the r.m.~. deviation of that group as determined from a preliminary fit with all the infrared data uniformly weighted. It was gratifying to see how well this procedure worked by the observation that the r .m.s. deviation Qbtain.e..d focea~lLgr.Qupjn the final weighted fit was essentially the same as the r.m.s. deviation used to determine the weight for that group. Each microwave transition used in the final fit was weighted by the inverse square of the uncertainty estimate given in the original reference.
The equation for the ground state term values, Fo(J), used in this least squares fit was:
The. microwave measurements covered the range from J = 0 toJ = 22 and the infrared comhination difference ranged up to / = 76. A total of 17 microwave transitions and 735 infrared combination differences from 21 vibrational bands were used in the fit to obtain the ground state rotational constants.
Other workers have determined different values for the Ho coefficient depending on what data were used and how the data were weighted. In spite of the fact that the statistical analysis gives a value of H o that is eight times larger than its estimated uncertainty, we believe that it should only be treated as an empiricalparameter, useful for fitting the data and for short interpolations. One rationale for including such a poorly determined Ho in the analysis was the observation that some vibrational levels required an empirical H that was orders of magnitude larger than that of the ground vibrational state, and it was arbitrarily decided to use H terms throughout this work for the sake of consistency.
The negative sign found for this empirical Ho was surprising, although it doel:! agree reasonl:lbly well willI the vl:llut:: ob· tained by Valentin et ale [10] . We note also that Nakagawa and Morino have calculated a negative H o for HCN [11] .
,
.There are also a great many measurements of infrared vi· bratiou"t'otational-bandsthat originate in the 0 110, 02°0, 02 2 0, and 10°0 states [8, 9] , accurate frequency measurements. of the N 2 0 laser 00°1-10°0 band [12] , and a great many microwave measurements for those states [3, 5, 7, [13] [14] [15] [16] . Consequently, the rotational constants for those states were determined by an anal- 
Vo (cm-l)b Table 3 c Table 4 bThe uncertainty (one estimated standard deviation) in the last digits is given in parentheses.
cQ-branch transitions (t.J=O transitions) are indicated by a dagger (t) ;n this table, but the dagger is not used in T~bles 3 and 4. 
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of these states were determined from the many infrared differ·
Since there is a weak Fermi resonance between the 10°0 ence bands in refs. 8 and 9 as follows: Each pair of hot band and and 02°0 states, the effective values of the centrifugal distortion ground state vibrational transitions with the same upper state constants, D" and especially H", are quite different from the (e.g., 02°1-00°0 and 02°1-01 1 0) was least-squares fitted to obground state values. The 02°0 and 02 2 0 states are also strongly tain a single set of upper state rotational constants and the two coupled through Z·type resonance. This latter resonance causes a vibrational band centers. In the fit the rotational constants for I-dependent splitting of the 02 2 0 state into e and / levels. In the lower states were constrained to the values already deterorder to empirically fit both e and f levels we have used the mined (given in table 1). Each pair of band centers gave a value energy expression:
(and an estimated uncertainty) for the separation of the two low- 
given a weight inversely proportional to the square of the estiwhere the upper sign is used for theflevels and the lower sign is mated uncertainty obtained from the fit of pairs. Table 2 gives used for the e levels. Theoretically the q" term should be zero the calculated vibrational band centers for 01 1 0-00°0, 02°0when I = 2, but a significant improvement was made in the fit of 00°0 and 10°0-00°0 determined in this way.
the data when the q" term was allowed to be non-zero even A similar procedure was used to obtain the separation though q!) is indeed small. The q terms for the I = 2 state here 02 2 0-01 1 0 from transitions 12 2 1-02 2 0, 12 2 1-01 1 0, 02 2 1are strictly empirical, e.g., the effect ofq" is simply to allow 02 2 0, and 0221-01 1 0. Since only two independent values for slightly different B values of the e and/ components. the separation 02 2 0 from 0110 were determined, the uncertainty Equation 2 was also used to fit the data for the 0110 and given to the weighted mean was arbitrarily set equal to 03 1 0 states with the same sign convention (upper sign for/levels ± 0.00046 em -1, which was the uncertainty determined for and lower sign for e levels).
10°0-00°0. After determining the rotational constants for the 0110, The rotational constants for the U3 1 U state were deter-02°0, and 10°0 states (given in table 1), the vibrational energies mined by combining the microwave measurements [7] for the INfRARED WAVELENGTH CAUBRA laON STANDARDS 03 1 0 state with the infrared measurements on the transitions for the three bands 03 1 1_03 1 0, 03 1 1-02°0 and 03 1 1-01 1 0. The rotational constants previously determined for the 02°0 and 0110 states (and given in table 1) were kept, held constant in this fit. Appropriate combinations of the band centers for the infrared tran.sitions gave the band c-p.nters O~ 10_ 02°0 = 580.93410 em ":"1 and 03 1 0-01 1 0 1160.29822 em -1. These were then combined with the calculated band centers for the transitions 02°0-00 0 0 and 01 1 0-00°0, given in table 2 to yield the band centers involving 03 1 0 that are given in table 2. Note that 03 1 1 is the only common upper state, so there is no check on a possible systematic errorin the 03 1 1-03 1 0 separation. This separation is common to both loops leading to values for the 03 1 0 energy. Since there were very little data on the 03 3 0 state, the vibrational energy and rotational constants were determined simultaneously in a single least squares fit to the microwave data on the 03 3 0 state [7] and the interferometer measurements on the 03 3 1-03 3 0 and 03 3 1-02 2 0 transitions [9] . The analysis assumed that the splitting of the l = 3 levels is too small to be observed. Some small trends observed in the deviations of the least squares fit may result from this assumption. The fit gave directly the V o value needed for the 03 3 0-02 2 0 separation. The fit also determined three rotational constants for the 03 3 1 state (B, D, and H) anda Vo for the 03 3 1-02 2 0 transition. The previously determined rotational constants for the 02 2 0 state <given in table 1) were used~sJixed values·in-the-fit.-Since the·03 3 1 state is the only common upper state there are no checks for. systematic errors in the 03 3 1-03 3 0 and 03 3 1-02 2 0 vibrational separations. The rotational constants for the 1110 state and the band center for the 11 1 0-00°0 transition ,were determined by simultaneously fitting the microwave data [7] for the 1110 state and the Fourier transform measurements [8, 9] for the 11 1 0-00°0, 11 1 1-01 1 0, 1111-1110, and 11 1 0-00°0 transitions. In this fit the rotational constants for the 00°0 and 0110 states were constrained to the values previously determined (and given in table 1). In order to avoid correlating absolute measurement errors with the rotational constants, each infrared band was fit to an independent band center· even though the vibrational energy differences were over-determined. As a result, two independent values were determined for the 11 1 0-00°0 band center. These two values were weighted by the inverse square of their uncer a tainties and combined with other appropriate data to give the 11 1 0-01 1 0 band center given in table 2.
Transitions for the rarer isotopic spccics wcrc calculated for the 10°0-00°0 band since it was observed that some of the s,tronger lines occur where the most abundant isotope has only weak lines. The rarer isotopes were included only for completeness in order to help users to correctly identify the other transitions through pattern recognition. No attempt was made to refine the isotopic constants. The constants used are given in table 1 and were taken directly from the work of Amiot [17, 18] .
.. Estimating the Accuracy of the

Calibration Data
The uncertainties in absorption line positions given in tables 3 and 4 were determined by using a variance-covariance matrix that contained the following three blocks of non-zero elements: a 1 X 1 block containing the uncertainty of the band center, a block containing the variance-covariance matrix determined by the least squares fit of the upper state rotational.and centrifugal distortion constants (including the l-type doubling constants), and thirdly a block containing the variance-covariance matrix determined for the lower state con~tants_ When the band center had been determined from least squares fits of only one or two sets of infrared measurements, it was realized that statistical techniques could not give a good estimate of the uncertainty and the minimum uncertainty of the band center was therefore arbitrarily set at 0.0010 em-I.
In tables 3 and 4 we have attempted to give the best absoa lute values of absorption line positions and the error limits cited are somewhat different in form from those usually obtained from the analysis of a single vibration-rotation band. The error limits given in Tables 3 and 4 are twice the standard deviation values obtained from the variable-covariance matrix described above. The reason for this extra doubling is simply a rough attempt to take care of model errors which our experience indicates are usually about the same as statistical errors of data fits. It has been our goal in constructing these tables to give error limits which we believe will bracket the absolute value of the line position. Line to line spacings are very highly correlated, and differences between adjacent lines should be more ac~urate than the errors indicated for the absolute values by at least one order of magnitude.
Intensities
Table~ 3 and 4 give t;jbLimult:U cdaLivt: InttmsiLit:s fur all the lines. In order to generate these intensities, a number of assumptions are required. Rere we ·have assumed that the vibrational transition moment is constant for the fundamental and accompanying "hot bands" in a band system. In addition we have ignored the effects of the small Fermi resonance in this molecule on the intensities as well as any possible Herman-Wallace (or rotational) effect. Therefore, these intensities are to be used only as an order-of-magnitude guide for line identification. The relative intensities in the region from 1265 to 1180 em -1 have been ~tuuied with a tunable diode laser, and the observed intensities agree fairly well with the intensity estimates given in table 4. Outside that spectral region we have not been able to compare the theoretical spectrum with an observed spectrum. As expected, the diode laser spectra show that the tables do not list all the lines that can be observed.
The relative intensities given in tables 3 and 4 were calculated using the expression IRe! = RSCN exp( E " I kT) (3) where C is the isotopic concentration for the species involved,N . is a normalizing term that given the strongest transition in each table an intensity of 1.0, and the last term is the standard Boltzman exponential. The intensities were calculated for a temperature of 295 K. S is the Roni-London line strength and includes for the 02 2e O-0000 transitions an I-type resonance interaction tp.rm_ R is a vibrational matrix e)p.mp.nt that govp.rns the relative transition moments for the different vibrational transitions.
For the ..til = 0 transitions (table 4), S for the P and R branch lines was given by: s = 1 2 (2] + 1)/(] (] + 1». (5) The 02 2e O-0000 transitions are normally forbidden and derive their intensity from the 02°0-00°0 transitions due to the I-type resonance that mixes the wavefunctions of the two upper states. Since the I-type resonance increases approximately proportional to ] 2, we have estimated the intensity of the 02 2e O_ 00°0 transitions using: S = 1.:\XIO-5 m 3 .
The coefficient, I.4X 10-5 , was estimated by comparing the observed intensity ratio ofR (44) 02 2e O-0000 to R (56) 02°0-00°0 and the intensity ratio of R (41) in the 02 2e O-0000 band to P(73) in the 10°0-00°0 band. , For the,al = 0 transitions (and for the 02 2e O-0000 transitions) the vibrational term R was given by:
(7 and R (01,02 + 2,03~Oh02'(3) = 0.08(02 + 1)(02 + 2)/4. (8) In the latter' equation the coefficient 0.08 was determined from diode laser measurements of the relative intensities of the R (56) line of 02°0':"00°0 and the P (70) line of 10°0-00°0. These two JiIles.h~ve nea.rly,the same intensity (the R (56) line being slightly stronger) and are only 0.016 cm-1 apart. For the At = ..i 1 transitions (table 3) , S for the R bra.nch transitions was given by the equation: S = (J' ± l')(J' -1 ±'l ')/J' (9) where the upper sign is used for Jl = . + 1 transitions and the lower sign is for iiI ~ -1 transitions. Similarly for P branch transitions, S was given by: S = (J" += I ")(J" -1 += 1")/]" (10) and for the Q branch transitions S was given by: S = (J += I ")(J + 1 ± [")(2] + 1)/[] (J + 1)]. (11) For theJI = ± 1 transitions, the vibrational term R was computed from the doubly degenerate harmonic oscillator matrix elements given by Moffit and Liehr [20] . The values obtained for Rare 1 for all Jl = ± 1 transitions except for the 03 1 0-02°0 and 02 2 0-01 1 0 bands for which R = 2 and the 03 3 0-02 2 0 band where R = 3. No further factors were used to take into account the degeneracy of the different vibrational states since separate transitions are given for the e andflevels.
Conclusion
We note again that we have used eq. (2) as an empirical equation to fit observed line positions. The reader is cautioned not to take the coefficients q", q vI' and q "II' as anything other than empirical constants of the fit. The reader is also cautioned J. Phys. Chem. Ref. Data, Vol. 10, No. 4, 1981 not to attempt to' use the constants given in tables 1 and 2 to calculate line positions to higher J values than those given in tables 3 and 4. For some ro-vibronic levels which we have calculated, the value of the matrix element for l-type doubling is of the order of the energy difference between the two states coupled. Equation (2) is barely adequate to fit levels at the highest J values for which we have calculated transitions, and will be inadequate at higher] vales. Reisfeld and Flicker [21] have recently given line positions for the 01 1 0-00°0 band of N 20 up to] = 35 for P, Q, and R branches. These workers also determined the band center from the Fourier transform work of Amiot and Guelachvili [8, 9] and, to the number of digits cited, their value is the same as that in the present work. Reisfeld and Flicker, however, used only the microwave rotational constants of ref. [5] to determine line position up toJ =35. Their calculated values agree well with those obtained in the present work, differing by less than 0.0005 em -1 from those calculated here atJ = 35. Th~ t;'aHbnlliuIl dala p!ebeut~d in table~ 3 and 4 have been used in preliminary form in our laboratory and elsewhere, and have been found to be reliable and adequate for present needs of which we are aware.
